Whereas it is generally agreed that the Neotropical bat family Mormoopidae is aligned within the superfamily Noctilionoidea, interfamilial relationships within Noctilionoidea and intrafamilial relationships within Mormoopidae have been debated. DNA sequence data have been generated from a few representatives of Mormoopidae to address interfamilial relationships within Chiroptera, but no such study has focused on relationships within Mormoopidae. Our purpose was to test noctilionoid interfamilial and mormoopid intrafamilial relationships by using a combination of DNA sequence (mitochondrial 12S rRNA, tRNA Val , 16S rRNA) and morphologic data. Parsimony analysis of the DNA sequence data and the combined molecular and morphologic data strongly support: monophyly of Mormoopidae, Mormoops, Pteronotus, and the subgenus Pteronotus; a sister-taxon relationship between Phyllostomidae and Mormoopidae; and Mystacinidae as sister to the Phyllostomidae and Mormoopidae clade. Although resolution and strong support was provided by this study for several noctilionoid and mormoopid clades, relationships within Pteronotus remain somewhat unclear as monophyly of the subgenus Chilonycertis was weakly supported.
The family Mormoopidae contains 2 genera (Mormoops and Pteronotus) and 8 extant species (Mormoops blainvillii, M. megalophylla, Pteronotus davyi, P. gymnonotus, P. macleayii, P. parnellii, P. personatus, and P. quadridens) of Neotropical bats. Close affinities among Mormoops and Pteronotus have long been recognized (Dobson 1875; Miller 1907) , and the 2 genera have been placed in their own family, rather than as a subfamily (Chilonycterinae) of Phyllostomidae, since the seminal work of Smith (1972) . Smith (1972) partitioned the 6 species of Pteronotus into the subgenera Chilonycteris (quadridens, macleayii, personatus) , Phylodia (parnellii) and Pteronotus (davyi, gymnonotus) . At higher * Correspondent: ravdb@okstate.edu taxonomic levels, it is now generally agreed that Mormoopidae has close affinities with other families of Noctilionoidea (Mystacinidae, Noctilionidae, Phyllostomidae; Kennedy et al. 1999; Kirsch et al. 1998; Pierson et al. 1986; Simmons and Conway 2001; Van Den Bussche and Hoofer 2000) , although there is still no consensus regarding sister-group arrangements for these 4 families. Smith (1972) proposed the 1st explicit phylogenetic tree for mormoopid bats based on phenetic analysis of a suite of morphologic characters (Fig. 1a) . His tree became influential in shaping subsequent mormoopid classifications. Arnold et al. (1982) summarized (using principals of taxonomic congruence and majority rule consensus) allozymic, immunologic, karyotypic, and Smith's (1972) phenetic tree depicting relationships within Mormoopidae with the taxonomy changed to reflect modern usage (i.e., P. quadridens ϭ P. fuliginosus, P. gymnonotus ϭ P. suapurensis). b) Redrawing of Arnold et al. (1982) composite cladogram of relationships among noctilionoid species. This phylogeny was derived from taxonomic-congruence comparisons of trees from 4 data sets: albumin immunology, chromosomes, allozymes, and morphology. Data sets supporting each clade are indicated on the tree using the following symbols: A ϭ allozymes, C ϭ chromosomes, I ϭ albumin immunology, and M ϭ morphology. c) Phylogenetic tree of Simmons and Conway's (2001: figure 11 ) parsimony analysis of 209 morphologic characters depicting the mormoopid inter-and intra-familial relationships. Numbers above branches are decay values, those below are bootstrap values. morphologic data to develop a composite cladogram for relationships within Mormoopidae and Noctilionoidea (Fig. 1b) . Although they were unable to include all mormoopid species, and most relationships among species of Pteronotus were unresolved, the composite cladogram was concordant with Smith's (1972) tree.
Monophyly of Mormoopidae recently was called into question, adding to the uncertainty of mormoopid relationships. Kennedy et al. (1999) examined 402 base pairs (bp) of the mitochondrial cytochrome b gene and detected sister-relationships between Pteronotus and Noctilio (with both parsimony and maximum-likelihood) and between Mormoops and Mystacina (with maximum-likelihood only). These results contradicted a considerable amount of data from other molecular studies, all of which supported monophyly of Mormoopidae (Kirsch et al. 1998; Pierson et al. 1986; Hoofer 2000, 2001 ). However, all molecular studies thus far, including that of Kennedy et al. (1999) , were focused on inter-familial relationships of Chiroptera and have included only 1 or 2 representatives of Mormoops and Pteronotus.
Most recently, Simmons and Conway (2001) examined 209 morphologic characters (skull, dentition, vomeronasal organ complex and brain, trachea and hyoid apparatus, tongue, face, ears, pelage, patagia, postcranial skeleton, postcranial myology, reproductive tract, and digestive tract) to evaluate relationships among all species of Mormoops and Pteronotus. Their analysis strongly supported monophyly of Mormoopidae and generally supported Smith's (1972) classification for intrafamilial relationships, but provided only limited support for most clades within Pteronotus (Fig. 1c ).
An analysis of molecular data with thorough taxonomic sampling of mormoopids is necessary because it would provide independent testing of phylogenetic hypotheses proposed previously. Congruence among independent data sets would begin to establish a robust and well-resolved phylogeny for Mormoopidae that, in turn, would provide an insight into the evolution and biogeography of mormoopid bats. Therefore, the purpose of our study was to generate an independent data set for all extant species of Mormoopidae to test the monophyly of Mormoopidae, and if monophyletic, to evaluate species relationships within Mormoopidae. Toward this end, we analyzed nucleic acid sequences from 3 adjacent genes (12S rRNA, tRNA
Val , and 16S rRNA) in the mitochondrial genome, totaling about 2.7 kilobase (kb) pairs of contiguous sequence. Because the best estimates of phylogeny are generally based on consideration of total evidence from all sources (Hillis 1987; Kluge 1989) , in addition to evaluating taxonomic congruence between our gene tree and the morphological tree of Simmons and Conway (2001) , we generated a total-evidence phylogeny based on combined molecular and morphologic data.
MATERIALS AND METHODS
Genomic DNA was extracted from skeletal muscle or liver tissue of M. blainvillii (TK 32166), 2 individuals of M. megalophylla (TK 19311, TK 27640) , 2 individuals of P. davyi (TK 155751, TK 25127), P. gymnonotus (TK 22845), P. macleayii (TK 32162), P. quadridens (TK 32171), 2 individuals of P. parnellii (TK 17953, TK 45500), and P. personatus (TK 12043) following standard protocols (Longmire et al. 1997) . TK numbers for each individual represent accession numbers for the Museum of Texas Tech University and were used to cross reference laboratory results with voucher specimens. For each specimen, we amplified 3 adjacent mitochondrial genes (12S rRNA, tRNA Val , and 16S rRNA) by performing 2 polymerase chain reactions (PCR), 1 for 12S rRNA and another for 16S rRNA. The intervening tRNA Val was amplified partly in each PCR and, in combination, amplified completely. Conditions for PCR amplification were as described by Van Den Bussche and Hoofer (2000) . Double-stranded amplicons were purified using the Wizard PCR Prep DNA Purification System (Promega Corporation, Madison, Wisconsin) and sequenced in both directions using Big-Dye chain terminators and a 377 automated DNA sequencer (Applied Biosystems, Inc., Foster City, California). Amplicons were sequenced entirely in both directions using a combination of flanking and internal primers (Van Den Bussche and Hoofer 2000) . Software in the computer program AssemblyLIGN 1.0.9 (Oxford Molecular Group PLC 1998) was used to piece together overlapping fragments of contiguous genes for each taxon. In addition to these taxa, we included the complete 12S rRNA, tRNA Val , and 16S rRNA sequences of 8 additional taxa that we (Van Den Bussche and Hoofer 2000) previously deposited in GenBank: Artibeus jamaicensis (AF263225), Macrotus waterhousii (AF263229), Mormoops megalophylla (AF263220), Mystacina tuberculata (AF263222), Noctilio albiventris (AF263223), N. leporinus (AF263224), Pteronotus parnellii (AF263221), and Saccopteryx bilineata (AF263213).
The computer program CLUSTAL W ( Thompson et al. 1994 ) was used to obtain a multiple sequence alignment and the resulting alignment was refined based on published secondary structural models (Anderson et al. 1982; De Rijk et al. 1994; Springer and Douzery 1996) . In all cases insertion-deletions in the multiple alignment occurred in loop regions when considering secondary structure models of these molecules. Phylogenetic analyses were performed using PAUP* 4.0b6 (Swofford 2000) . Nucleotides were coded as unordered, discrete characters (G, A, T, C), and gaps were treated as missing data. Parsimony analyses were conducted with equal weights for all characters and substitutions. Searches for the most parsimonious tree(s) employed the branch and bound option in PAUP*. Stability or accuracy of inferred topology(ies) was assessed via bootstrap analysis (Felsenstein 1985) of 500 branch and bound iterations and decay analysis using AutoDecay 3.0.3 (Eriksson 1997) . To test for mormoopid monophyly, we used multiple, putative outgroups representing Emballonuridae (S. bilineata), Noctilionidae (N. albiventris, N. leporinus), Mystacinidae (Mystacina tuberculata), and Phyllostomidae (A. jamaicensis, Macrotus waterhousii), and S. bilineata was used to root the tree. Percentage sequence differences were calculated using the Tamura and Nei (1993) model of DNA sequence evolution.
As our objective was to compare results of molecular and morphologic data for resolving noc-tilionoid and mormoopid relationships, we employed both taxonomic and character congruence approaches. Taxonomic congruence (Mickevich 1978) refers to the extent to which independent topologies for the same set of taxa support the same groupings, and involves the comparison of consensus trees for the independent data sets. Character congruence (ϭtotal evidence -Kluge 1989) utilizes all data (e.g., molecular and morphologic) in a single analysis and emphasizes congruence of characters under study rather than congruence of trees derived from the independent data. Therefore, character congruence permits a more direct assessment of the relative strength of support for incongruent character distributions (Swofford 1991) .
Details of morphologic characters, including character state distributions, ordering of transformations, treatment of polymorphisms, and other issues pertaining to the morphologic data were described by Simmons and Conway (2001) . As DNA was not available for Mystacina robusta, all molecular characters were coded as missing for this taxon in the combined molecular and morphologic analysis. Taxonomic congruence was used to identify clades strongly supported by both data sets. To evaluate taxonomic congruence, molecular data were analyzed as described earlier, but constrained to the topology of Simmons and Conway (2001) , as shown in Fig. 1c . Competing hypotheses were tested using the Kishino-Hasegawa (1989) , Templeton (1983) , and winning-sites test (Prager and Wilson 1988) as implemented in PAUP*. Similarly, we performed the reciprocal test, in which the morphologic data were analyzed with the tree constraint of the molecular topology. These competing hypotheses were evaluated using the same 3 tests.
To examine character congruence, all molecular and morphologic characters were coded as discrete characters and all invariant and parsimony uninformative characters were removed from the analysis. For this analysis, molecular characters were treated as described earlier and morphologic characters were coded as described by Simmons and Conway (2001) . Incongruence among mitochondrial ribosomal gene sequences and morphologic characters was evaluated using the partition homogeneity test provided in PAUP* (also known as the incongruence-lengthdifference test- Farris et al. 1994; Mickevich and Farris 1981) with 100,000 random partitions. As M. robusta is represented only by morphologic data, this taxon was removed prior to the partition homogeneity test. Parsimony analysis of the combined data was performed on all parsimony-informative characters and the mostparsimonious tree(s) was searched for using the branch and bound option of PAUP*. Stability or accuracy of each clade was evaluated based on 500 bootstrap iterations and decay analysis.
RESULTS
The mitochondrial 12S rRNA, tRNA Val , and 16S rRNA genes were sequenced from 11 mormoopid taxa and have been deposited in GenBank (accession numbers: AF407172-AF407182 (Fig. 2) . This analysis strongly supported monophyly of Mormoopidae (88% bootstrap support and a decay index of 8) and all but 2 clades within Mormoopidae based on bootstrap and decay analysis. The 2 clades with less support concerned the sister-taxon relationship between P. personatus and P. parnellii (bootstrap ϭ 38, decay analysis ϭ 1) and their relationship to the P. davyi-P. gymnonotus clade (bootstrap ϭ 50, decay analysis ϭ 3).
Three tests for identity between the mostparsimonious trees from molecular ( Fig. 2) and morphologic (Fig. 1c) data (KishinoHasegawa 1989; Templeton 1983; winningsites, Prager and Wilson 1988) revealed no significant difference (P ϭ 0.00) when either data set was constrained to the mostparsimonious tree from the alternative data set. Results of the partition homogeneity test also failed to detect significant heterogeneity between molecular and morphologic data (P ϭ 1.00). Therefore, we combined the 2,683 molecular characters with 209 morphologic characters of Simmons and Conway (2001) .
Combined molecular and morphologic data consisted of 874 parsimony informative characters, of which 708 (81.01%) were DNA sequence characters. Equally weighted parsimony analysis resulted in a single mostparsimonious tree of 2,601 steps (CI ϭ 0.5425; RI ϭ 0.5480) with most clades receiving strong support based on bootstrap and decay analysis (Fig. 3) . The only portion of the tree not receiving strong bootstrap and decay support concerned the relationships of P. parnellii and P. personatus to other species of Pteronotus.
DISCUSSION
In agreement with the conclusions of Simmons and Conway (2001) , equally weighted parsimony analysis of mitochondrial ribosomal sequences (Fig. 2) support monophyly of Mormoopidae, Mormoops, Pteronotus, and the subgenus Pteronotus (davyi and gymnonotus). Although most clades detected within Mormoopidae were highly supported based on bootstrap and decay analysis, little support was detected for most sister-group arrangements within Pteronotus. Our analysis supported a sistertaxon arrangement of P. davyi with P. gymnonotus, thus supporting recognition of the subgenus Pteronotus. Strong bootstrap and decay support was also detected for P. quadridens and P. macleayii, yet low bootstrap and decay support was detected for sister-group arrangements of P. parnellii and P. personatus or for the subgenus Chilonycteris (P. quadridens, P. macleayii, and P. personatus) and therefore for relationships among subgenera.
There was considerable taxonomic congruence between topologies of Simmons and Conway (2001-Fig. 1c ) and our gene tree (Fig. 2) . Although differences in the branching order of P. quadridens, P. macleayii, P. personatus, and P. parnellii existed, both data sets offered little or no bootstrap or decay support for these relationships. Based on the results of tests for taxonomic and character congruence, we combined the molecular and morphologic data into a single phylogenetic analysis. With the exception of the relationships among (((P. quadridens, P. macleayii), P. personatus), and P. parnellii), the totalevidence analysis increased bootstrap and decay support for all clades (Fig. 3) .
There were about 4 times as many phylogenetically informative molecular characters relative to morphologic characters, and some workers have expressed a concern that smaller data sets may be swamped by larger data sets (Miyamoto 1985) . However, clades with good support in each independent analysis received even greater support in the combined analysis. These results indicate, at least for this study, swamping of phylogenetic signal of the smaller data set is not a major concern.
Although phylogenetic relationships among microchiropteran families have been debated considerably in recent years, the debate has focused primarily on composition and branching order of noctilionoid families. Previous studies have aligned Mormoopidae either with Noctilionidae (Arnold et al. 1982; Kennedy et al. 1999; Patton and Baker 1978; Simmons 1998; Simmons and Geisler 1998) or with Phyllostomidae, represented in this study by Artibeus and Macrotus (Kirsch et al. 1998; Novacek 1991; Simmons and Conway 2001; Hoofer 2000, 2001; Van Valen 1979) . Results of this study support (bootstrap ϭ 80, decay support ϭ 9) the hypothesis that Mormoopidae and Phyllostomidae shared a common ancestry after diverging from the remainder of the Noctilionoidea (Fig. 3) . Our total-evidence analysis also supports the conclusions of Hoofer (2000, 2001) and Simmons and Conway (2001) that Mystacinidae is the sister group of the mormoopid-phyllostomid clade.
Although our total evidence tree ( Fig. 3 ) provided strong support for all interfamilial relationships examined and for most relationships within Mormoopidae, several relationships within Pteronotus received little support. Similar to the results of Simmons and Conway (2001) , our data supported monophyly of the subgenus Pteronotus (bootstrap ϭ 100, decay support ϭ 57) and the sister-group relationship between P. quadridens and P. macleayii (bootstrap ϭ 77, decay support ϭ 3) within the subgenus Chilonycteris. However, these data provided only weak support (bootstrap ϭ 49, decay support ϭ 2) for monophyly of Chilonycteris (Fig. 3) .
Future study is needed and should explore additional DNA sequences of nuclear and mitochondrial genes that evolve significantly faster than mitochondrial ribosomal genes in an attempt to resolve relationships within Pteronotus. Our molecular data indicate that future studies also should address levels of intraspecific variation (Table  1) . We included multiple representatives of Mormoops megalophylla (n ϭ 3), P. davyi (n ϭ 2), and P. parnellii (n ϭ 3). DNA sequence variation within M. megalophylla and P. davyi were extremely low and consistent with other phylogenetic studies of Microchiroptera that utilized this region of the mitochondrial genome Hoofer 2000, 2001) . However, branch lengths (Fig. 2) and genetic distances (Table  1) indicate that there is considerable genetic variation within P. parnellii. Future studies with broad geographic sampling for P. parnellii may help to elucidate whether this increased level of DNA substitutions is because of an increased mutation rate or, alternatively, whether this species represents a complex of cryptic species.
